Emission of charged particles from a compressed reaction zone is studied for 197 Auϩ 197 Au collisions at E/Aϭ100, 250, and 400 MeV. Using a modified coalescence invariant weighting, squeeze-out ratios are determined and compared to predictions of cascade and BUU transport-model calculations.
Hot and compressed nuclear matter may be momentarily created in the central participant region formed by the overlap of projectile and target nuclei during the early stages of energetic central nucleus-nucleus collisions ͓1-3͔. Particles emitted near midrapidity originate preferentially from this hot and compressed reaction zone. The detailed emission pattern is influenced by rescattering and attenuation within the surrounding colder spectator matter. Particles emitted perpendicular to the reaction plane largely avoid this colder spectator matter and may therefore better reflect the conditions within the hot compressed zone.
The enhanced emission of midrapidity particles out of the reaction plane ͑''squeeze-out''͒ has been investigated by determining aspect ratios of the flow tensor for light charged particles on an event by event basis and by studying the azimuthal distributions of these particles about the principal axis of the flow tensor ͓4͔. Similar questions were addressed at incident energies of E/Aϭ400 MeV by measuring the azimuthal distributions of the hydrogen isotopes and neutrons about the beam axis ͓5-8͔. While these techniques provide comparable information for peripheral collisions where the flow axis ͑major axis of the flow tensor͒ is aligned closely with the beam axis, they differ for central and midcentral collisions where the flow angle f may be large.
In general, comparisons to transport model calculations must account for the finite resolution with which the reaction plane is experimentally determined ͓1,9,10͔. However, the needed corrections are involved and have been rarely performed. By employing the mean tensor product technique discussed in detail in Ref. ͓11͔, one can determine the principal axes of the flow tensor without explicit determination of the reaction plane and, hence, avoid the sensitivity to the reaction plane dispersion. In this note, we present the results of such an analysis for 197 197 Au collisions measured ͓12,13͔ at E/Aϭ100, 250, and 400 MeV.
Auϩ
The experiment was performed at the SIS facility at GSI. Gold targets of 3 and 5 mg/cm 2 areal density were used. Charged particles emitted to 14.5°р lab р160°were detected in 225 plastic scintillator -CsI͑Tl͒ phoswich detectors of the Miniball/Miniwall array ͓14͔. By assuming a monotonically decreasing dependence of the charged particle multiplicity upon impact parameter, a reduced impact parameter scale, b ϭb/b max ͑with b max ϭ12.5 fm), was constructed from the charged particle multiplicity, N C , detected in the Miniball/Miniwall array ͓12͔. The present squeeze-out analysis is restricted to particles with 1рZр7, 25°р lab р160°* 
where p i () is the ith component of the linear momentum vector of particle in the center-of-mass ͑c.m.͒ frame. In the present analysis, we use the weight
where Z() and A() are the charge and mass numbers of particle and m() is its mass. With this definition, the flow tensor is constructed from all detected protons ͑regardless of whether they are free or bound͒ in order to facilitate comparisons to transport models which do not incorporate cluster production. The flow tensor S i j characterizes the event by a triaxial ellipsoid in momentum space. The aspect ratios and orientation of this ellipsoid are calculated by diagonalizing the tensor and obtaining the eigenvalues ( 1 , 2 , 3 ). By convention, axes 3 and 1 are the longer and shorter principal axes in the reaction plane, respectively, and axis 2 is the principal axis out of the plane; the flow angle, f , is the angle between axis 3 and the beam axis. In order to characterize participant particle emission to unshadowed regions out of plane one defines the squeeze-out ratio R ϭ 2 / 1 .
The orientation of the reaction plane of an event can be estimated from the direction of the transverse momentum vector
where () is positive ͑negative͒ at positive ͑negative͒ rapidities in the c.m. frame, and p Ќ ()is the particle's momentum component perpendicular to the beam. The choice ()ϭW()p z () yields the reaction plane associated with the principal axis of S i j ; another common choice is ()ϭy()/͉y()͉where y() is the c.m. rapidity of the th particle of the event ͓9͔. When the directed transverse flow is weak ͑as is the case for rotating systems͒, the reaction plane can be estimated, alternatively, by diagonalizing the transverse momentum tensor ͓10,16͔.
In individual events, S i j fluctuates significantly because of the finite number of particles. To reduce the sensitivity of the extracted values for R to fluctuations, one may average the tensor over events, with the momentum of each particle rotated so that the reaction plane determined from the momenta of the other particles in the event coincide. This method does not eliminate uncertainties of the reaction plane determination, which must be assessed separately ͓9,17͔.
The ''tensor product'' technique of Ref. ͓11͔ circumvents this problem. The technique is based upon the assumption that the dominant correlation between the particles' transverse momenta results from an anisotropy in the distribution of single-particle momentum components in the reaction plane. Under this assumption, the dot product of transverse momenta ͓11͔ may be approximated by
Here, is a variable which includes information about the rapidity and particle type ͓not to be confused with the particle index in Eqs. ͑1͒-͑3͔͒; ͗p
x " 1 …‹ denotes the component of the mean transverse momentum in the reaction plane at rapidity y 1 () for a particle of species . Introducing the rapidity weighting factor ϭy()/͉y()͉ and extending this average over rapidity and particle species, we get
for the square of the average transverse momentum ͗p x ͘. 
where the summations run over the detected particles ͑iden-tical particles are excluded from the summation͒ and the averages run over all events. Squeeze-out ratios determined from Eqs. ͑5͒-͑9͒ do not suffer from uncertainties of the reaction plane reconstruction ͓11͔.
At the higher incident energies, the fixed experimental detector geometry restricts the usable rapidity region mainly to the backward hemisphere in the center of mass. Therefore, the squeeze-out ratios are determined from particles with yϽ0. The open points in Fig. 1 show squeeze-out ratios, R ϭ 2 / 1 , obtained by averaging over events rotated to a common reaction plane. Magnitude and impact-parameter dependence of R at E/Aϭ250 and 400 MeV are similar to values reported in Ref. ͓4͔ ͑except for the most peripheral collisions, for which the R values of Ref. ͓4͔ diverged due to fluctuations͒. The solid points in Fig. 1 represent results obtained with the tensor product technique, Eqs. ͑5͒-͑9͒. Deviations from R ϭ1 are larger when this latter method is used-which may be expected because of its insensitivity to inaccuracies of the reaction plane reconstruction. Indeed, differences between the two methods are largest at E/Aϭ100 MeV where the reaction-plane reconstruction is poor because of the small magnitude of the sideward directed flow.
Squeeze-out ratios R Ͼ1 are consistent with a preferential emission of participant matter out of the reaction plane where it is not impeded by cold projectile-and target-like matter. At E/Aϭ100 MeV, maximum squeeze-out occurs in central collisions. Values of R Ͻ1 are observed for larger impact parameters (b у0.67), indicating enhanced emission in the reaction plane. At E/Aϭ400 MeV, the maximum of R shifts to midcentral collisions (b Ϸ0.5); further, R Ͼ1 for all values of b . Figure 2 illustrates the transition, at E/Aϭ100 MeV, from squeeze-out at small b to a rotational flow pattern at large b . The open points represent azimuthal distributions about the beam axis ͓5,10,16͔ for particle emission at c.m. ϭ70°-110°. Angles ϭ0°and 180°correspond to emission in the reaction plane reconstructed, for central collisions, from the vector Q and, for peripheral collisions, by diagonalizing the transverse momentum tensor ͓10,16͔. The direction ϭ0°is defined from the projection of Q onto the reaction plane. Contributions of individual particles are weighted by Z, making the azimuthal distributions coalescence invariant. Peripheral collisions ͑left panel͒ exhibit a ''V''-shaped azimuthal distribution reflecting strongly enhanced emission in the reaction plane. For central collisions ͑right panel͒, the azimuthal distribution has a broad maximum at ϭ90°in-dicating a slightly enhanced emission out of the reaction plane. This enhanced out-of-plane emission can be shown more clearly by evaluating the azimuthal distribution ͓18͔ ͑solid points͒ about an average flow axis located at Ϸ25°in the reaction plane ͑determined from the other particles in an event to avoid autocorrelations͒.
For collisions at E/Aу800 MeV, the measured transverse flow could be reproduced by cascade calculations which assumed strict angular-momentum conservation, but neglected the nuclear mean field ͓19͔. The dot-dot-dashed lines in the upper panels of Fig. 1 show the results of similar cascade calculations ͑filtered by our experimental acceptance͒. The cascade calculations fail to reproduce the measured impact parameter dependence of R at all three energies. The energy dependence of calculated ratios is different than measured. Moreover, they do not reproduce the transition from squeezeout (R Ͼ1) in central collisions to in-plane enhancement (R Ͻ1) in peripheral collisions observed at E/Aϭ100 MeV. Our results demonstrate the inadequacy of simple cascade calculations up to energies of at least E/Aϭ400 MeV, qualitatively consistent with the expectation ͓19͔ that mean field effects could significantly affect the flow pattern for E/Aр400 MeV.
Calculations with the Boltzmann-Uehling-Uhlenbeck FIG. 1. Measured squeeze-out ratios as a function of reduced impact parameter for AuϩAu collisions at E/Aϭ100, 250, and 400 MeV. Solid points are obtained with the tensor product method ͓Eqs. ͑5͒-͑9͔͒. Open points are obtained by rotating the events individually to a common reaction plane ͑method 2 described in the text͒. The curves in the top and bottom panels show results of cascade and BUU calculations, respectively. The BUU calculations were performed for in medium cross sections NN ϭ free using a stiff ͑solid curves͒ or soft ͑dashed curves͒ equation of state, and for NN ϭ0.8 free using a stiff equation of state.
FIG. 2. Azimuthal distributions of the emitted particles for AuϩAu collisions at E/Aϭ100
MeV for peripheral ͑left panel͒ and central ͑right panel͒ collisions.
͑BUU͒ transport model ͑filtered by our experimental acceptance͒ are shown in the lower panels of Fig. 1 . Besides nucleon-nucleon collisions modified by Pauli blocking, these calculations incorporate particle motion in a self-consistent mean field. The solid and dashed curves show predictions for a stiff (Kϭ375 MeV͒ and a soft (Kϭ200 MeV͒ momentumindependent equation of state ͑EOS͒ ͓1͔ using in-medium cross sections identical to the measured free nucleon-nucleon cross sections, NN ϭ free . The dot-dashed curves show the results of calculations for a stiff equation of state and reduced in-medium cross sections, NN ϭ0.8 free . As expected, the BUU calculations provide better agreement with the data than the cascade calculations. The transition, at E/Aϭ100 MeV, from enhanced out-of-plane to enhanced inplane emission for increasing b is reproduced, and quantitative agreement is obtained for the calculation with NN ϭ0.8 free . ͑The 20% reduction of the cross sections is consistent with the reduction needed to fit the data on the balance energy ͓20͔.͒ At E/Aϭ250 MeV, the agreement is best with the stiff EOS; all calculations are in good agreement with the data at E/Aϭ400 MeV. Overall, the sensitivity to the compressibility appears weak in this analysis because, in part, the current experiment cannot identify Zϭ1 particles beyond 75 MeV/nucleon. If this restriction is removed from the calculations, the sensitivity to the compressibility at the higher incident energies and the lower impact parameters increases. The slight preference for a stiff equation of state at E/Aϭ200 MeV does not contradict previous analysis ͓21͔ favoring a soft EOS with a momentum-dependent interaction; indeed a stiff EOS with momentum-independent interaction is known ͓22,23͔ to produce somewhat similar transverse momenta as a soft EOS with momentum-dependent interaction.
In summary, we have employed the tensor product technique of ͓11͔ to extract squeeze-out ratios for AuϩAu collisions at E/Aϭ100, 250, and 400 MeV. A transition from a squeeze-out to a rotational emission pattern as a function of impact parameter has been observed. The data are fairly well reproduced by BUU calculations, but not by cascade calculations. Comparison to BUU calculations shows that the squeeze-out ratios are sensitive to the in-medium nucleonnucleon cross sections in collisions at E/Aϭ100 MeV; this sensitivity is reduced at higher energies.
